7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Polarized Au(1)/Rh(i) bimetallic pairs cooperatively
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The combination of molecular metallic fragments of contrasting Lewis character offers many possibilities
for cooperative bond activation and for the disclosure of unusual reactivity. Here we provide a systematic
investigation on the partnership of Lewis basic Rh() compounds of type [(n°-L)Rh(PR3)] (n°-L = (CsMes)™
or (CoH>)7) with highly congested Lewis acidic Au() species. For the cyclopentadienyl Rh()) compounds,
we demonstrate the non-innocent role of the typically robust (CsMes)™ ligand through migration of a
hydride to the Rh site and provide evidence for the direct implication of the gold fragment in this unusual
bimetallic ligand activation event. This process competes with the formation of dinuclear Lewis adducts
defined by a dative Rh — Au bond, with selectivity being under kinetic control and tunable by modifying
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the stereoelectronic and chelating properties of the phosphine ligands bound to the two metals. We
provide a thorough computational study on the unusual Cp* non-innocent behavior and the divergent bi-
metallic pathways observed. The cooperative FLP-type reactivity of all bimetallic pairs has been investi-
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Introduction

The area of bimetallic cooperativity has witnessed a rapid
resurgence in the last decades, in great part due to the pro-
spects it offers for bond activation and catalysis." The same
can be stated about heterogeneous® and enzymatic catalysis,’
where bi- and multimetallic synergisms are at the heart of
many successful chemical transformations. Beyond catalytic
applications, molecular dinuclear structures offer a range of
possibilities that have led to the observation of remarkable
electronic, magnetic or photophysical properties, exotic
bonding schemes and highly unusual reactivity, including an
outstanding capacity to trap otherwise fleeting species." For
instance, our group recently unlocked a new mode of ligand
non-innocent behavior discernible only through a bimetallic
approach. More precisely, we described the direct involvement
of the widespread pentamethyl cyclopentadienyl ([CsMes]|™,
Cp*) ligand, whose popularity largely relies on its assumed
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gated and computationally examined for the case of N-H bond activation in ammonia.

robust spectator character, in the migration of a hydride from
one of its methyl groups in compound [(n°>-CsMes)Rh(PMe;),]
(1a) to the rhodium centre (Fig. 1),* a process which was so far
restricted to early transition metals.> As introduced above, we
were capable of characterizing this reversible event leveraging a
bimetallic approach, more precisely by introducing the highly
electrophilic and sterically shielded [(PCyp,Ar'?)Au]" fragment®
(Cyp = cyclopentyl; Ar'? = C¢H;-2,6-(CeH;-2',6'-Me,),).

Previous work: reversible hydride migration by a Au(l)/Rh(l) pair
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This work: tuning the nature and stereoelectronics of the Rh(l) fragment
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Fig. 1 Cp* non-innocence by reversible hydride migration in a Rh(1)/Au

(1) system and systematic investigation carried out in this work on the
effects of tuning the Rh() fragment.
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We could conclude that hydride migration from Cp* occurs
in a reversible manner, suggesting that there is potential to
design proton-coupled-electron-transfer (PCET) catalysis based
on this approach.” In fact, this has already been demonstrated
for hydrogen evolution and dinitrogen reduction by means of
a related reversible proton migration between late transition
metals and the internal carbon atoms of Cp ligands.® However,
before embarking ourselves into similar endeavors based on
the methyl functionalities of Cp*, it is necessary to better
understand the factors influencing the described non-inno-
cence, as well as the precise role associated to the gold moiety.
Besides, in terms of intermolecular reactivity, the aforesaid Rh
(1)/Au(1) pairs render potential for bimetallic bond activation
processes. Thus, as highly constrained metallic fragments of
opposed Lewis character, they may behave as bimetallic
frustrated Lewis pairs (FLPs),” a nascent topic to which we
have contributed in recent years.'® Nonetheless, the Cp* non-
innocence described herein advises for the exploration of
alternative aromatic capping ligands in our continuous search
for bimetallic FLPs.

In this context, we have decided to modify the Lewis basic
Rh(1) precursor [(n’>-CsMe;)Rh(PMe;),] (1a) to investigate the
effects on ligand non-innocence and bimetallic Rh(1)/Au(1)
reactivity. To do so we have tuned the stereoelectronic and che-
lating properties of the phosphine ligands and the outcomes
resulting from substituting the Cp* fragment by the also preva-
lent indenyl ([CoH,]") ligand, which lacks C(sp’)-H groups
(Fig. 1). We provide a thorough computational investigation to
ascertain the mechanism by which the hydride reversibly
exchanges positions between Cp* and rhodium and for the
cooperative bimetallic activation of polar N-H bonds in
ammonia.

(a)
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Results and discussion

We first decided to examine the effects of modifying the
simple trimethyl phosphine ligands in 1a. To circumvent the
possibility of ligand dissociation during Cp* and small mole-
cule activation, we selected the chelating bisphoshpines 1,2-
bis(dimethylphosphino)ethane (dmpe) and 1,2-bis(diphenyl-
phosphino)ethane (dppe), which led to compounds 1b and 1c,
respectively (see Scheme 1). These compounds were prepared
following the same procedure employed to access 1a, that is,
by reducing dimer [(n°-CsMes)RhCl,], with sodium amalgam
in the presence of the corresponding phosphine (see ESI{ for
details). In terms of the electrophilic gold fragment, we
focused on two precursors of equal formula, [(PR,Ar'?)Au
(NTf,)] (2™€, R = Me; 29P, R = Cyp; NTf, = [N(SO,CF;),]7),
stabilized by bulky terphenyl phosphine ligands. Although
these phosphines are comparable in terms of donating pro-
perties,'" their steric profile is markedly different. Thus,
PCyp,Ar®? is considerably bulkier than PMe,Ar™"?, as evi-
denced by their percentage buried volumes, recently reported
for their corresponding dicoordinate gold-ethylene complexes
(PMe,Ar®"?, 38.29% vs. PMe,ArP?, 53.5%).'>

As we anticipated, the combination of the rhodium precur-
sor 1b with gold compounds 2™¢ and 2P led to analogous
reactivity to that observed for the Rh(1)) species 1a
(Scheme 1a),* owing to their similar stereoelectronic pro-
perties. Therefore, the smaller [(PMe,Ar®")Au]" fragment leads
to quantitative formation of the corresponding Rh(1) — Au(i)
metal-only Lewis pair (MOLP)" (3b™*). In contrast, the more
sterically congested [(PCyp,Ar®')Au]" unit triggers the immedi-
ate migration of a hydride towards the rhodium centre with
formation of a new Au-CH, bond in the Cp*-functionalized
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Scheme 1 Contrasting bimetallic reactivity between Lewis basic Rh()) compounds 1b and 1c and Lewis acidic Au(i) compounds 2M® and 2°¥P.
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compound 4b®P, without any trace of bimetallic dative
bonding. The formation of these bimetallic species is easily
inferred from multinuclear NMR spectroscopy. A distinctive
AB, pattern demonstrating the formation of a bimetallic
adduct arises in the *'P{"H} NMR spectrum of 3b™*, with an
apparent double triplet at 14.6 ppm (*/prn = 12, *Jpp = 9 Hz)
and a double doublet at 45.5 ppm (Yprn = 154, *Jpp = 9 Hz),
due to PMe,Ar®? and dmpe ligands, respectively (cf 3a™¢,
13.9 ppm (*Jpp = 12, *Jprn = 10 Hz), —3.1 ppm ( Jprn = 155, *Jpp
=12 Hz)).” In turn, the "H NMR spectrum of 4b®® reveals the
formation of a new hydride ligand resonating at —13.60 ppm
(td, *Jup = 34, Yurn = 26 Hz; cf. 4a®P, —13.34 ppm, dt, >Jyp =
36, Jarn = 25 Hz) and the distinctive asymmetry of the Cp*
ligand, now transformed into the {CsMe,CH,AuP} moiety,
leading to three resonances at 1.74, 1.69 and 1.21 ppm (d,
Jup = 7.7 Hz) in a 3:3:1 ratio (¢f 4a®P, 1.84, 1.73 and
1.05 ppm (}Jyp = 9.6 Hz)). The molecular structure of 4b“? was
authenticated by X-ray diffraction studies from single crystals
grown by slow diffusion of pentane into a saturated benzene
solution (Fig. 2). Although the overall quality of the crystals
was poor, the connectivity was rather clear and certified that
the rhodium centre adopts a piano-stool conformation to
accommodate the newly form hydride ligand, while the
[(PCyp,Ar®?)Au]" unit displays an orthogonal arrangement
relative to the Cp* plane defined by the central five-membered
ring (85.22°).

We envisioned that the bulkier and less basic dppe ligand
would induce differences in the bimetallic reactivity of precur-
sor 1c due to steric and electronic effects. In this case, reaction
with the smaller PMe,Ar®*based gold complex 2™ not only
produced the predicted bimetallic Lewis adduct 3¢™¢, but also
small amounts of the Cp*functionalized product 4¢™¢ in

Fig. 2 ORTEP diagram of compound 4b<YP; for the sake of clarity most
hydrogen atoms, as well as solvent molecules and triflimide countera-
nions are excluded. Thermal ellipsoids are set at 50% probability.

This journal is © The Royal Society of Chemistry 2023
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around 30% spectroscopic yield (Scheme 1b). Nonetheless, the
latter species rapidly evolves to the thermodynamic product
3c™, though its formation suggest that the higher steric
pressure exerted by dppe compared to dmpe partially hampers
the approximation of the two metal sites and facilitates the
detection of 4¢™¢, not discernible for neither 1a nor 1b for the
smaller PMe,Ar™" gold system. This finding also supports the
reversibility of the hydride migration from Cp* to rhodium.
Although the isolation of the minor species 4¢™® was not poss-
ible, its existence is corroborated by multinuclear NMR ana-
lysis. Thus, distinctive resonances in the "H NMR are found at
—12.30 ppm for the hydride ligand and at 1.99, 1.91 and 0.37
(d, *Jup = 9 Hz) for the functionalized Cp* ring. *'P{'H} NMR
resonances recorded at 73.4 (Yprn = 139 Hz) and 40.8 (*/prp = 9
Hz) ppm due to dppe and PMe,Ar™" ligands, respectively, are
also in agreement with the analogous signals associated to
4a”P and 4b<P,

In stark contrast, when we carried out the same study with
the bulkier gold complex 2% a different scenario ensues:
there is virtually no reaction at low temperature (—60 °C).
However, upon warming to 25 °C we observe the formation of
both the Cp*-activated product 4¢P and the bimetallic Lewis
adduct 3¢®P, but only as minor species (ca. 30% overall),
while the monometallic precursors 1c and 2P remain as the
major components for several hours (Scheme 1b). It is impor-
tant to remark that despite being the more congested Rh(i)
compound, the formation of the bimetallic adduct 3¢™P is
now preferred over 4¢P, which differs from Rh(1) precursors
1a and 1b. We attribute this difference to a shift from kinetic
control favouring compounds 4 in the prior systems, to
thermodynamic control leading to adducts 3 in the present
case, in line with our computational investigations (vide infra,
Fig. 5). Unexpectedly, the activation product 4¢P is initially
formed but it disappears after several hours in favour of a
mixture of 1c, 2%P and 3¢®P, evincing the reversibility of the
formation of the Au-C bond and concomitant hydride
migration, as occurs for the PMe,Ar®? system. Although we
are yet unsure about the reasons on why 4¢? is only discern-
ible initially, it is also true that its overall concentration is vari-
able among different experiments and its initial amount
minimal when directly conducting the experiment at 25 °C. In
any case, it seems rather clear that 3¢®? and 4c¢®P form from
independent reactions from compounds 1c and 2%P, in agree-
ment with our computational investigations and also with our
prior isotopic labelling experiments carried out during
ammonia activation studies.

Compounds 1¢, 2P and 3¢?P are in dynamic equilibrium,
in line with the reduced basicity of 1c¢, which allowed us to
spectroscopically investigate the thermodynamics of such a
process. A solution of complexes 1¢ and 2¢“P in benzene-d;
was monitored for 24 hours to ensure the complete dis-
appearance of 4c®P, then a van’t Hoff analysis over a 60 K
range yielded thermal parameters for the equilibrium of AH =
2.0 £ 0.5 kecal mol™ and AS = 8 + 2 cal K™ mol™, corres-
ponding to AGyg9g = —0.4 + 1.0 kcal mol ™! for the formation of
the bimetallic adduct 3¢®P. The very small but positive enthal-
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pic value, along with the only moderately positive entropic
component, enable the persistence of variable amounts of the
monometallic fragments in solution, a prerequisite for exhibit-
ing bimetallic FLP reactivity."®

Therefore, it seems that the higher steric profile of dppe
compared to PMe; and dmpe, along with the reduced basicity
of the rhodium centre, partly impedes the formation of an
inactive bimetallic adduct. We tested whether this modulation
in bimetallic reactivity has a direct effect on the activation of
small molecules, for which we selected the activation of the N—
H bond in ammonia. Our choice substantiates on the still
challenging character of this activation for transition metal
complexes'* and on our prior finding that 4a®P has already
shown success.” Compounds 4a®? and 4bP mediate the het-
erolytic cleavage of ammonia under mild conditions (1 bar,
25 °C; Scheme 2a), with the former being more rapid (¢,
30 min), to yield [(n°-CsMes)Rh(L,)H]" (5a, L = PMeg; 5b, L, =
dmpe) and [(PCyp,Ar®'?)Au(NH,)].* Contrarily, the equili-
brium mixture comprised of 1c, 2P and 3¢P fails to cleave
the N-H bond under similar conditions (Scheme 2b). Instead,
only 2P readily converts into the corresponding ammonia
adduct  [(PCyp,Ar®?)Au(NH;)](NTf,). Subsequently, the
mixture slowly evolves to a solution containing the latter
adduct and Rh(i) precursor 1c in detriment of the bimetallic
pair 3¢®P, Therefore, the reduced basicity of dppe compared
to dmpe or PMe; hampers the use of the corresponding Lewis
basic Rh(1) precursor as a metallic FLP component under these
conditions.

Next, we examined the activation of ammonia by compu-
tational means. To do so, we decided to focus on the related
gold fragment 2™PP based on the terphenyl ligand
PMe,Ar"PP? (ArTIPP2 = G H,-2,6-(CeH,-2',4',6-'Pr3),). We made
this choice of ligand to limit the computational difficulties
associated to the fluxionality of the cyclopentadienyl groups in
PCyp,Ar¥'?, while at the same time offering similar experi-
mental results to the latter in terms of bimetallic Cp* and
ammonia activation.® Both metal centers in complex 4a™PP
are saturated, but the evolution of 4a™PP towards the Lewis
adduct 3a™PP clearly indicates that the independent frag-
ments are accessible in solution (+4.6 kcal mol™" in Fig. 3,

Q
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Scheme 2 (a) FLP-type N—H bond activation in ammonia by Rh()/Au()
bimetallic pairs vs. (b) no cooperative activation and ammonia adduct
formation.
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4a™PP 35 reference). Then, the weakly coordinating triflimide
in 2™PP is readily displaced by ammonia, a reaction that is
largely exergonic (9.5 keal mol™). Binding to the electrophilic
gold(1) center lowers the barrier for deprotonation by the basic
Rh center to 15.3 keal mol™,'® in a way that is resemblant of
conventional FLPs.'® However, this reaction is thermoneutral
relative to the fragments, but overall endergonic relative to
4a™PP_ We also computed these fragments independently to
ensure translational entropy was not responsible for the ender-
gonicity (Fig. 4). We therefore evaluated that, under the reac-
tion conditions, the generated gold amido complex and
unreacted 2™PP could rapidly evolve to form a bridged amido,
cationic digold complex featuring an aurophilic interaction,*
an event that is more than sufficiently exergonic to drive the
reaction forward.

Beyond the mechanism by which cooperative N-H bond
activation occurs, we wondered about the precise pathway that
accounts for the migration of a hydride from the Cp* ligand to
the Rh centre. In our original communication* we suggested
that an intramolecular migration from a methyl group of the
Cp* towards the metal in 1a would produce a hydride fulvene
structure in a process being redox neutral at rhodium, as pre-
viously proposed for early transition metals.” This highly reac-
tive species could then be trapped by the electrophilic com-
plexes 2. However, our computational studies indicate that the
concerted transition state for the direct transfer of the hydride
presented an exceedingly large barrier (TS1 in Fig. 4, 59.7 kcal
mol ™) to yield the aforementioned fulvene hydride complex at
21.5 kecal mol ™. Interestingly, Cp* slippage to form an agostic
complex presented a much lower barrier (TS2, 31.0 kcal
mol ™), from which C-H bond breaking to form the hydride is
much more facile (TS3, 25.4 kcal mol™"). Subsequent partial
restoration of the Cp* hapticity does not seem rate limiting
either (TS4). Nonetheless, these barriers are overly large to be
consistent with experimental reaction conditions,* which rules
out an unassisted intramolecular equilibrium of 1a to form a
fulvene hydride complex. We then sought whether gold com-
plexes 2 could facilitate any of these or other reaction
pathways.

Both the Xyl and Tripp systems were computationally
studied to gain insight into the role of steric hindrance in the
reaction outcome (Fig. 5). Experimentally, we previously
observed* that while the combination of 1a and 2* readily
leads to the bimetallic adduct 3a™, the use of 2"™PP produces
a mixture of 4a™PP and 3a™PP that eventually evolves towards
the later. Thus, the formation of species 4a™PP seems to be
under kinetic control, as the thermodynamic product is the
Lewis adduct. Our computational studies are in agreement
with these experimental findings. The Xyl system presents a
low barrier (Fig. 5, TS5-Xyl, 11.4 kcal mol™) for the formation
of the Lewis adduct, as expected due to the lower steric
demand of the phosphine. In turn, for the Tripp system the
transition state lies at 25.3 kcal mol™, which enables the
binding of the gold center to a carbon atom of the anionic Cp*
ring (TS6-Tripp, 19.7 kecal mol ™), forming a Rh-diene complex
at 5.0 kcal mol™" (Cp-Au). This species cannot be accessed by

This journal is © The Royal Society of Chemistry 2023
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the Xyl system, as the barrier for the formation of 3a*!
much lower.

Next, we sought to investigate whether the binding of the
electrophilic gold center to the Cp* was indeed key to form
4a™PP_ that is, to promote hydride transfer to the Rh center
concomitant with the formation of the Au-CH, bond. Using
Cp-Au™ as a reference, it was clear that despite the pyramida-
lization that accompanies the formation of the Au-C bond
pushing a methyl group towards rhodium, the concerted
hydride transfer and gold migration to the nascent CH, moiety
remains inaccessible (TS7 in Fig. S46,t 49.4 kcal mol™). In
turn, the barrier to form an agostic complex via slippage drops
to 22.5 kcal mol™" (TS8-Xyl, c¢f. TS2 at 31.0 kcal mol™"), from
which hydride formation (TS9-Xyl) lies at 25.0 kcal mol™",
comparable to the unassisted pathway (TS3 in Fig. 4).

We then moved to study the bulkier Tripp system, to ascer-
tain whether these effects were not countered by increased
steric demands, as Cp* activation is not observed for the Xyl
system. The formation of the corresponding agostic complex
for the Tripp system presents a barrier of 25.7 kcal mol™" (TS8-
Tripp in Fig. 6), competitive with that of the formation of the
Lewis adduct (TS5-Tripp in Fig. 5, 25.3 kcal mol™), and thus

is

This journal is © The Royal Society of Chemistry 2023

consistent with the aforesaid generation of a mixture of 3a™PP
and 4a™PP, Subsequent steps for the formation of the Rh
hydride and for the migration of the gold center towards the
CH, moiety present similar barriers of 25.7 and 25.4 kcal
mol ™", respectively (TS9-Tripp and TS10), affordable under
experimental conditions. Although no saddle points could be
found, relaxed potential energy scans indicated that the restor-
ation of the Cp* aromaticity to yield 4a™PP from AuCH,
slipped was accessible. To complete our computational screen-
ing, two alternative pathways, involving hydride abstraction by
the Lewis acid and concerted Au-C bond formation concomi-
tant with HNTf, release were found to be higher energy and
are briefly discussed in the ESI (Fig. S47 and S48+).

Therefore, the mechanism for the unusual Cp* non-inno-
cent behavior described herein encompasses the initial
binding of the Lewis acidic gold fragment to the Cp* inner
ring, which facilitates the migration of the hydride to the
rhodium centre by a series of conformational rearrangements
that involve the direct participation of both Cp* and gold.
These results may have implications in a variety of transform-
ations that imply the use of Cp*-based complexes in the pres-
ence of electrophiles. The simplest electrophile would natu-

Dalton Trans., 2023, 52, 3835-3845 | 3839
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Fig. 4 Free energy profile for the intramolecular conversion of 1a into a fulvene hydride complex. *SCF energy relative to TS4.

rally be a proton, for which the already discussed protonation
of the inner Cp* ring prevails.® However, the use of more ela-
borated electrophiles as additives or co-catalysts in a range of
catalytic transformations mediated by Cp*-based complexes is
in continuous development.'” It would not be surprising that
the same kind of Cp* non-innocence triggered by the electro-
phile might be operating in some of these systems, but it
could have been overlooked due to difficulties for its identifi-
cation associated to reversibility and low catalyst loadings. In
addition, our studies highlight the importance of controlling
the bulkiness of the electrophile (i.e. gold fragment), whose
subtle tuning dictates selectivity between Lewis adduct for-
mation vs. Cp* activation.

With the aim of circumventing the discussed non-inno-
cence character of Cp* to access a broader family of Rh(i)/Au()
bimetallic FLPs we decided to study analogous Rh(i) precursors
based on the well-known indenyl ligand ([CoH,]).'® Besides,
we postulated that the greater capacity of the latter ligand to
navigate through variable hapticities (from n' to 1°) might
offer a richer reactivity after FLP-type bimetallic bond acti-
vation. Initially, we prepared the previously reported com-
pound [(n*-CoH)Rh(PMe;),]'° (6a) as our benchmark indenyl-
based species. To carry out comparative studies we synthesized
analogous Rh(1) species bearing both dppe (6¢) and the non-
chelating and more sterically demanding PPh; (6d) (see ESIT
for synthetic protocols, spectroscopic characterization and
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X-ray diffraction studies of 6¢), though we omitted a related
dmpe version, anticipating identical behavior to 6a in line to
the previously discussed results.

Not surprisingly, the equimolar reaction of 6a and the
smaller gold precursor 2™ led to the corresponding bimetallic
adduct 7a™¢ (Scheme 3a). In this case, the reaction with the
bulkier 2%? similarly yielded the metal-metal bonded adduct
7a®P, a behavior attributed to the reduced steric pressure
exerted by the indenyl ligand compared to Cp*. The two new
adducts exhibit a similar pattern in their *'P{'H} NMR spectra,
with two doublets due to PMe; (7a™¢, § —3.9, “Jprn = 158 Hz;
7a®P, 5 —6.2, Jprn = 159 Hz) and the terphenyl phosphine
(7a™€, 5 4.6, *Jprn = 18 Hz; 7a™P, 6 43.4, *Jprp, = 19 Hz). At var-
iance with bimetallic adduct 3a™¢, there is no observable
scalar coupling between the two distinct phosphines, a feature
attributable to the slightly different geometric environment
around rhodium, as evidenced by X-ray diffraction studies
(Fig. 7). For instance, the Rh-Au-P angles in the indenyl
systems are wider (7aM¢, 171.61(7); 7a?, 168.21(10)°) than for
the Cp* complex 3a™PP (157.90(11)°), while the greater coordi-
nation flexibility of indenyl reflects into wider offset angles
between the rhodium centre and the centroid of the n’-co-
ordinated ring (3a™PP, 1.85° 7a™¢, 10.88°; 7a®*P, 12.35°).
Nonetheless, the three structures exhibit comparable Rh-Au
bond distances of 2.593(1) (3a™PP), 2.5541(8) (7a™¢) and
2.5970(12) (7a®P) A, in all cases slightly lower than the sum of

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Free energy profile encompassing Lewis adduct formation, binding of Au(l) to the Cp* and thermodynamics of formation of 4a

and 4a""PP (black).

their covalent radii (2.78 A).2° Analogously, the calculated
formal shortness ratio (FSR),”* namely the ratio between the
M-M bond distance and the sum of their metallic radii, are
almost identical and accounts for 1.00 (3a™PP), 0.99 (7a™°)
and 1.00 (7a'P).

We then examined the combination of the more congested
Rh(1) precursor 6¢ with the bulkier Au(i) complex 2. Despite
increasing the steric pressure, this mixture cleanly evolves to
the corresponding metallic Lewis pair 7¢®P (Scheme 3a), as
inferred from two doublets in the *'P{"H} NMR spectrum at
74.7 and 47.0 ppm associated to dppe and PCyp,Ar®'?
respectively. Crystals suitable for X-ray diffraction studies were
grown by slow diffusion of pentane into a saturated benzene
solution of 7¢®*P. Interestingly, its ORTEP diagram (Fig. S44+t)
reveals an elongated Rh-Au bond length of 2.6314(10) A,
though still within the sum of the corresponding covalent
radii and with an FSR value of 1.02. Moving towards more con-
gested systems, we examined the analogous reaction with the

This journal is © The Royal Society of Chemistry 2023
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TS6-Tripp

Xyl

(orange)

PPh;-containing rhodium complex 6d, in which case the for-
mation of the bimetallic adduct does not take place
(Scheme 3b). Instead, we observe broad *'P{'H} NMR reso-
nances associated to the corresponding monometallic precur-
sors, indicating dynamic behaviour between these species and
the bimetallic adduct. When the reaction is monitored at
—20 °C in the NMR probe the resonances narrow, as previously
observed for other bimetallic FLPs investigated in our group.'®
The reluctance to form a stable Rh — Au dative bond in this
case is most likely due to steric reasons. In fact, treating com-
pound 6d with the smaller gold complex 2™¢ does yield the
corresponding bimetallic pair 7d™¢, which was fully character-
ized by spectroscopic means (see ESI} for details). Besides, its
molecular formulation was authenticated by X-ray diffraction
studies (Fig. 7), demonstrating the presence of a dative Rh —
Au bond characterized by a length of 2.5828(3) A.

We have previously demonstrated the importance of acces-
sing monometallic fragments in highly polarized and unsup-
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Fig. 6 Free energy profile for the conversion of Cp-Au' PP into 4a'"PP.
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Scheme 3 Bimetallic reactivity between Lewis basic indenyl-Rh() com-
pounds 6a, 6¢ and 6d with Lewis acidic Au(l) compounds 2M® and 2P,

ported bimetallic pairs to enhance their cooperative
reactivity.'>* As such, we promptly explored the reactivity of

the non-bonded pair 6d:2%P towards a variety of small mole-
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n2-Hydride AuTripp

—| NTf,

AuCH, slipped

cules containing both non-polar or weakly polarized (H,, C,H,,
C,H,) and polar bonds (NH3, H,O, MeOH). However, instead
of the foreseen FLP-type bond activation, we rapidly detected
the formation of the heteroleptic gold compound
[Au(PCyp,Ar®™'?)(PPh;)] (8) (Scheme 4), defined by two distinc-
tive doublets (*/pp = 309 Hz) at 59.4 and 44.3 ppm by *'P{'H}
NMR spectroscopy. To assure its formulation this compound
was independently prepared and its full characterization is
included in the ESL{ Compound 8 is the major and, in some
cases, the only discernible gold species obtained during our
reactivity studies. Interestingly, the lability of PPh; is only
evidenced upon addition of small molecules, but it also
requires the presence of the gold precursor, since no
phosphine dissociation was observed in the absence of 2.
Further proof of phosphine lability was obtained after
attempts to activate ethylene, which led among other
species to the presumable formation of [(n°-CoH,)(PPh;)(C,H,)
Rh — Au(PCyp,Ar*'?)|(NTf,), inferred from mass spectrometry
analysis (see ESIT). Herein, we postulate that substitution of
PPh; by the smaller ethylene ligand likely facilitates the
formation of the dative Rh — Au bond. Likewise, initial efforts
to activate isonitriles in an FLP-like manner (i.e. 1,1- or 1,2-
addition) led to similar results. As an example, addition of 2,6-
dimethylphenylisocyanide to a solution of 6d:2*P led to a

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 ORTEP diagrams of indenyl compounds 7a™¢, 7aY? and 7d™¢; for the sake of clarity most hydrogen atoms, as well as solvent molecules and
triflimide counteranions are excluded. Some fragments are represented in wireframe format and thermal ellipsoids are set at 50% probability.

+

PCyp,Ar’ PCypoAr'

[ Substrate I +
Au

Rh + Au _— other
/7 \ CgDg, 25 °C unidentified and
PhsP PPh3 NTf, PPh3 minor species
6d 26yp 8

Scheme 4 Attempts to carry out bimetallic bond activation with a
range of substrates (H,, C;H,, C,H4, NH3, H,O, MeOH and 2,6-dimethyl-
phenylisocyanide) leading to formation of [Au(PCyp,Ar¥'?)(PPhs)].

complex mixture from which a small crop of ecrystals of [(n’-
CoH,(PPh;)(XyINC)Rh —  Au(PCyp,Ar®'?)|(NTf,) could be
grown and studied by X-ray diffraction (Fig. S44t), once more
revealing the lability of PPh; from Rh(1) and thus limiting its
applicability at least in Au(1)-based bimetallic FLPs.

We wondered whether the superior kinetic stability of the
chelating dppe ligand would circumvent this drawback while
still facilitating the prevalence of the monometallic fragments
(bearing in mind the aforesaid elongated Rh — Au bond).
However, analogous experiments based on precursor 6b led to
identical results, since the major gold-containing species in all
our studies was digold compound [{(PCyp,Ar'?)Au},(u-dppe)]
(NTf,),, characterized by *'P{"H} NMR resonances at 74.9 and
46.5 ppm (*Jpp = 164 Hz) and whose X-ray diffraction structure
is provided as well in the ESI (Fig. S44t). We attribute, at least
in part, the unexpected facility by which phosphines dissociate
in the presence of gold to the weakening of the Rh-P bonds
upon the approach of electrophiles. We have computed in
recent studies that the strength of the dative bonding between
Rh in compound 1a and a range of metallic electrophiles cor-
relates with greater contributions of ogy,_p) orbitals, thus weak-
ening Rh-P bonds.”

Conclusions

In summary, we provide a systematic study on a series of Rh(1)/
Au(1) bimetallic pairs under sterically congested environments.
This study evidences the potential for bimetallic cooperation
and contrasting reactivity of two metals together compared to
their individual mononuclear species. The nature of phos-
phine ligands bound to either Rh(i) or Au(i) precursors is
crucial to control selectivity, where the dominance of either

This journal is © The Royal Society of Chemistry 2023

kinetic or thermodynamic products can be precisely tuned.
Thus, in the case of [(n°-CsMes)Rh(PR;),] compounds, a highly
unusual Cp* non-innocent behavior has been described upon
addition of the bulkier gold species [(PCyp,Ar'?)Au(NTf,)],
while the less congested [(PMe,Ar™'?)Au(NTf,)] system leads to
the formation of Rh — Au bimetallic adducts. Nonetheless,
the basicity of the phosphines bound to Rh also plays an
important role, since for the more congested but less
basic dppe ligand the Cp*-activated complexes only appear as
transient species. In addition, the stereoelectronic properties
of the phosphines dictate the equilibria between
bimetallic adducts and individual monometallic compounds
for the [(n’-CoH,)Rh(PR3),] precursors. These equilibria are
directly associated to the ability of bimetallic pairs to exhibit
frustrated Lewis pair (FLP) behavior, which was observed only
for the bulkier Cp*-based Rh system. In contrast, the indenyl
analogues were unable to mediate FLP-type bond activation
due to the lability of the Rh-P bonds in the presence of gold
electrophiles.

Our theoretical studies provide insights about the factors
that influence the divergent bimetallic pathways described in
this work and the cooperative N-H bond activation of
ammonia. Importantly, we now rule out the previously
suggested involvement of a fulvene structure trapped by elec-
trophilic gold to account for the reported Cp* non-innocence,
as invoked for mononuclear systems based on early transition
metals. At variance, we favor a genuine bimetallic pathway that
implies the initial binding of gold to the inner Cp* ring, which
facilitates proton migration to the basic Rh site and exemplify
the potential of bimetallic synergisms. It is likely that this
unusual cooperative ligand non-innocence operates in catalytic
systems that combine Cp*-based complexes with bulky electro-
philes, but its reversible nature and low Cp*-catalyst loadings
may have prevented its identification in the past.
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